Growth under conditions of salt stress has important effects on the synthesis of degradative enzymes in Bacillus subtilis. Salt stress strongly stimulates the expression of sacB, encoding levansucrase (about ninefold), and downregulates the expression of aprE, encoding alkaline protease (about sixfold). It is suggested that the DegS-DegU two-component system is involved in sensing salt stress. Moreover, it has been shown that the level of sacB expression strongly depends on the growth conditions; its expression level is about eightfold higher in cells grown on agar plates than in cells grown in liquid medium.
thesis still occurs under these conditions, since the DegS-DegU system can turn on the expression of the genes encoding these enzymes via a comK-independent pathway. Finally, the degU32(Hy) mutation, leading to hyperproduction of degradative enzymes, has a negative regulatory effect on the expression of the srfA operon, resulting in decreased expression of late competence genes (7) .
Both ComP-ComA and DegS-DegU affect the synthesis of the degQ gene, encoding an accessory regulatory polypeptide of 46 amino acids. This gene, when cloned on a high-copynumber plasmid, has a stimulatory effect on degradative enzyme synthesis (1, 35) .
Since the expression of several of these enzymes (e.g., proteases and ␣-amylase) as well as the expression of genetic competence occurs during the early stationary phase, we assumed that the DegS or ComP kinase might detect some starvation or stress signal at the end of the exponential growth phase. Further support for this assumption came from several observations: (i) an additional regulatory gene, called mecB or clpC (19, 24) , which acts downstream from DegS-DegU and ComP-ComA in the regulatory cascade, is induced by multiple stresses, including heat shock, ethanol, and salt stress, oxygen limitation, and growth to stationary phase after exhaustion of glucose or amino acids; (ii) mutations in the regulatory genes degU, comP-comA, and srfA, which are part of the DegS-DegU and ComP-ComA regulatory cascades, lead to an increased level of expression of the alternative sigma factor B (2) . This sigma factor plays an important role in the increased synthesis of general stress proteins and salt-specific stress proteins (3, 4, 13, 33) .
In this paper, we will show that salt stress has a strong effect on the expression of at least two genes which are controlled by the DegS-DegU system, sacB and aprE, encoding levansucrase and alkaline protease, respectively.
MATERIALS AND METHODS
Growth media. SCHE medium contains 2% sucrose, 100 mM potassium phosphate (pH 7), 0.2% casein hydrolysate (Oxoid), 0.2% potassium glutamate, 3 mM MgSO 4 , 22 mg of ferric ammonium citrate per liter, and 50 mg of Ltryptophan per liter. This medium was solidified with 9 g of highly purified HGT agar (Seakem) per liter for the preparation of SCHE plates. Schaeffer's sporulation medium (SP medium) was prepared as previously described (1). GCHE medium is described below. GCHEL medium is similar to GCHE medium, but the concentration of potassium phosphate buffer is decreased to 10 mM.
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . ␤-Galactosidase assays. After growth in liquid medium, specific activities of ␤-galactosidase were determined as described previously, and the results are expressed as units of enzyme activity per milligram of total protein (23) . Assays after growth on plates were done as follows. Aliquots of exponentially growing liquid precultures containing a total of 8 ϫ 10 7 cells were spread on agar plates (8.5 cm diameter) and grown for 16 h at 37ЊC. The bacteria were harvested from the plates by resuspension in 2.5 ml of 100 mM potassium phosphate (pH 7). Aliquots (100 to 200 l) were centrifuged for ␤-galactosidase assays. The assays were performed in duplicate or in triplicate; the differences between duplicate samples did not exceed 25%, and the calculated mean values are presented in Table 2 .
Sporulation. Strain QB4624 was grown for 24 h in SP medium or SP medium containing 1 M NaCl. The viable cell and spore titers (after heating of the culture for 20 min at 80ЊC) were determined by spreading appropriate dilutions on SP agar plates.
Transformation. A two-step protocol was used for transformation experiments. Cells were grown in GCHE medium containing 1% glucose, 0.2% potassium L-glutamate, 100 mM potassium phosphate buffer (pH 7), 3 mM trisodium citrate, 3 mM MgSO 4 , 22 mg of ferric ammonium citrate per liter, 50 mg of L-tryptophan per liter, and 0.1% casein hydrolysate. At the time of transition from exponential growth to the stationary phase (T 0 ), the culture was diluted with an equal volume of GE medium (GCHE medium without casein hydrolysate). After dilution, incubation was continued for 1 h at 37ЊC with shaking. DNA was added, and selection for antibiotic resistance was carried out as previously described (23) .
RESULTS
Expression of the sacB gene, encoding levansucrase, in lowsalt liquid medium. In strain QB4624 carrying a translational sacBЈ-ЈlacZ fusion, ␤-galactosidase expression was optimal during the stationary phase in SCHE medium containing both glutamate and casein hydrolysate as nitrogen sources (see Materials and Methods). Expression was low during the exponential growth phase (40 U/mg of protein) and then increased to reach 260 U/mg of protein during the stationary phase. After growth of different mutants to the stationary phase in liquid low-salt (SCHE) medium, the maximal values of sacBЈ-ЈlacZ expression were determined ( Table 2 ). The ComK and DegQ regulatory proteins as well as the ComP-ComA system apparently contribute to sacBЈ-ЈlacZ expression in strain QB4624, since the levels determined in strains QB4632, QB4851, and QB4853 (in which the corresponding genes were disrupted) were significantly lower than that in the reference strain QB4624.
Additional evidence concerning the effect of the ComK regulatory protein on sacB expression has previously been presented: (i) overproduction of ComK in mecA and mecB deletion mutants strongly stimulated sacB expression (20, 21, 24; our unpublished data) and (ii) the purified ComK protein binds upstream from the sacB promoter, as shown by gel retardation studies (25) .
sacB expression on agar plates. Growth of strain QB4624 on SCHE agar plates leads to a higher level of sacBЈ-ЈlacZ expres- a cat, erm, and aphA3 designate the chloramphenicol acetyltransferase gene, erythromycin resistance gene, and kanamycin resistance gene, respectively. aprEЈ-ЈlacZ is a translational fusion derived from plasmid pSG35.1 (10) . In strains JH12465 and QB4864, plasmid pJM818 carrying an aprEЈ-lacZ transcriptional fusion is integrated in the chromosome via a Campbell-type mechanism (10 a Cells were grown to the stationary phase in SCHE medium, and samples were taken at hourly intervals. Specific activities of ␤-galactosidase were determined, and the maximal values calculated are represented.
b Cells were grown in high-salt medium (SCHE plus 1 M NaCl), and specific activities of ␤-galactosidase were determined during the exponential growth phase.
c Cells growing exponentially in liquid precultures were spread on agar plates, grown for 16 h at 37ЊC, and recovered from the plates, and specific activities of ␤-galactosidase were determined. sion than in liquid SCHE medium (Table 2 ). To avoid possible artifacts due to the presence of impurities in the agar, highly purified agar (see Materials and Methods) was chosen for these experiments.
Disruption of degU, degQ, or comP-comA led to reduction of sacBЈ-ЈlacZ expression on agar plates. It thus appears that these regulatory genes are required for the high level of sacB expression on agar plates (Table 2) . However, the comK gene is apparently not required for the high level of expression observed under these conditions. This is another difference observed between cells grown on agar plates and cells grown in liquid low-salt medium.
Different phenotypes expressed during growth in high-salt liquid medium. When strain QB4624 was grown in high-salt liquid medium, SCHE medium containing 1 M NaCl, the level of sacBЈ-ЈlacZ expression was also strongly increased (Table 2) . In SCHE medium containing 1 M KCl, a similar increase was observed (result not shown). Moreover, the level determined during the exponential phase of growth in high-salt medium was comparable to that determined during the stationary phase (result not shown). The level of sacBЈ-ЈlacZ expression in another medium of high osmolarity, SCHE containing 0.5 M lactose (corresponding to a nearly saturated solution of lactose), was comparable to that in SCHE medium (result not shown). Apparently, the stimulatory effect on sacBЈ-ЈlacZ is salt specific, since it could not be obtained during growth in medium with a high sugar concentration under the experimental conditions described.
We then examined whether two other target genes of DegSDegU and ComP-ComA, i.e., comG, a late competence gene (7, 8) , and aprE, encoding alkaline protease (10, 30) , were also controlled by salt stress. This was indeed the case for comGЈ-ЈlacZ expression in strain QB4432; this level was found to be low in low-salt GCHEL medium (containing 10 mM potassium phosphate, pH 7), but it was higher when the cells were grown in GCHE medium (containing 100 mM potassium phosphate, pH 7) and still higher in high-salt medium, GCHE medium containing 0.8 M NaCl (Fig. 2) . Although it might be expected from this increased level of comGЈ-ЈlacZ expression that the transformation of cells grown in high-salt medium (GCHE containing 0.8 M NaCl) would be a more efficient process than that of cells grown in GCHE medium, this was not observed. In high-salt medium, the transformation frequency was lowered about 60-fold. This phenomenon is as yet not understood and may be related to the high level of complexity of the transformation process.
Surprisingly, the observed effects of high-salt medium on sacBЈ-ЈlacZ and comGЈ-ЈlacZ contrasted with the effect on the expression of an aprEЈ-ЈlacZ translational fusion in strain QB4862, which was strongly decreased in high-salt (SP containing 1 M NaCl) medium compared with low-salt SP medium (Fig. 3) . A similar decrease was observed when an aprEЈ-ЈlacZ transcriptional fusion (strain QB4864) was used, indicating that this effect is exerted at the level of transcription.
Likewise, the sporulation frequency was found to be strongly decreased in SP medium containing 1 M NaCl compared with SP medium, 0.1 versus 67% (for details, see Materials and Methods).
This type of regulation, by which target genes are possibly either upregulated or downregulated by a single two-component regulatory system, is reminiscent of that of two Escherichia coli genes, ompC and ompF, controlled by the EnvZOmpR system: ompF is preferentially expressed at low osmolarity, and ompC is preferentially expressed at high osmolarity (16) . However, this comparison may be an oversimplification, since aprE expression and the sporulation process are controlled by a large number of regulatory genes which possibly interfere with this phenomenon (30) (see Discussion).
Apparently, the expression of at least two and maybe three ComP-ComA-and DegS-DegU-controlled genes was affected by a salt stress sensing system.
Which genes of the regulatory network are involved in sensing a salt stress signal? Disruption of degU apparently abolished the salt stress response of B. subtilis, since QB4483 (degU::aphA3) displayed a low level of sacBЈ-ЈlacZ expression in high-salt medium, in contrast to the reference strain QB4624 (Table 2 ). Since the sacBЈ-ЈlacZ levels of three other mutants, QB4632 (⌬comK::cat), QB4851 (⌬degQ::cat), and QB4853 (⌬comPA::aphA3), were comparable to that of the reference strain QB4624 in high-salt medium, the comK, degQ, comP, and comA genes are apparently not involved in the salt stress response under the experimental conditions used (Table 2 ).
In conclusion, we propose the hypothesis that the degU gene is involved in sensing salt stress and affects degradative enzyme synthesis and competence gene expression via the comK-independent pathway. If this hypothesis is correct, the degU32(Hy) mutation may be considered partially constitutive with respect   FIG. 2 . Time course of comGЈ-ЈlacZ expression in strain QB4432 during growth in GCHEL medium containing 10 mM potassium phosphate (å), GCHE medium containing 100 mM potassium phosphate (E), and GCHE medium containing 100 mM potassium phosphate and supplemented with 0.8 M NaCl (F). The time scale refers to hours before and after the transition from the exponential to the stationary growth phase (defined as T 0 ). Specific activities of ␤-galactosidase were determined (see Materials and Methods). to the salt stress response, since the level of sacBЈ-ЈlacZ expression in strain QB4664 was relatively high in low-salt (SCHE) medium (Table 2) . Are other known salt stress-induced genes involved in the regulatory network affecting degradative enzyme synthesis? The next question we asked was whether a link could be established between the regulatory network affecting degradative enzymes and other potentially salt stress-induced genes, e.g., genes of the proline biosynthetic pathway. After addition of sodium chloride to the medium, B. subtilis cells were shown to accumulate proline (34) . Moreover, Ogura and coworkers (26) showed that the presence of multiple copies of the proB gene, which is required for proline biosynthesis, led to enhanced aprE expression. The authors suggested that the proB gene product, ␥-glutamyl phosphate, could serve as a phosphodonor, leading to phosphorylation of DegS and to stimulation of degradative enzyme synthesis. If proB were a direct intermediate in signaling salt stress, disruption of proB would be expected to decrease the level of salt stress-induced sacBЈ-ЈlacZ expression. However, this does not appear to be the case, since sacBЈ-ЈlacZ expression in a proB::cat mutant (QB4861) was comparable to that of the reference strain QB4624 (Table 2) . Of course, this experiment does not exclude the possibility that ␥-glutamyl phosphate is a phosphodonor allowing phosphorylation of DegS; it seems to indicate only that the proB gene is not an essential intermediate for salt stress signaling under the conditions used for this experiment.
DISCUSSION
The synthesis of degradative enzymes and the expression of genetic competence in B. subtilis are controlled by a complex regulatory cascade including the ComP-ComA and DegSDegU two-component systems and additional regulatory genes, such as comK and degQ (this paper), degR, tenA, tenI, senS, and pai (for reviews, see references 17 and 29) .
In this work, we studied environmental conditions affecting the expression of the sacB and aprE genes, which encode the degradative enzymes levansucrase and alkaline protease, respectively. In particular, the effects of disruption of different regulatory genes on the expression of these two target genes were examined under different growth conditions. The data obtained in earlier work and those described in this paper can be summarized as follows. (i) The DegS-DegU two-component system is required for expression of these two degradative enzymes under all conditions that we have tested; (ii) a functional ComP-ComA two-component system as well as the comK and degQ regulatory genes contributes to sacB expression in low-salt liquid medium (Table 2 ); (iii) the level of sacB expression on agar plates is substantially higher (about eightfold) than the maximal level obtained in liquid medium (Table  2) ; and (iv) salt stress during growth in liquid medium containing 1 M sodium chloride leads to an approximately ninefold increase in sacB expression (Table 2 ). This strong effect is independent of functional ComP, ComA, and ComK proteins, but it requires the presence of a functional DegS-DegU twocomponent system (Table 2 ). An attractive hypothesis is therefore that a salt stress signal is transduced via the DegS-DegU system, leading to stimulation of sacB expression.
Salt stress also leads to an approximately fivefold increase in expression of the late competence gene comG during the stationary phase (Fig. 2) . On the contrary, salt stress leads to a strongly decreased sporulation efficiency and decreased expression of the aprE gene, which, like sacB and comG, is a target gene of the ComP-ComA and DegS-DegU two-component systems (Fig. 3) . It must be emphasized, however, that the regulatory network affecting aprE expression is particularly complex (29, 30) . It is possible that a salt stress signal is transduced by the DegS-DegU system, leading to positive (in the cases of sacB and comG) or negative (in the cases of sporulation and aprE expression) effects, depending on the involvement of additional regulatory genes. For instance, it is possible that salt stress leads to dephosphorylation of the response regulator Spo0A, thus preventing both sporulation and aprE expression (14) .
From these data, it appears rather clearly that regulatory genes affect the expression of target genes under different growth conditions. The close proximity of cells on surfaces causes physiological responses distinct from those of suspension cultures in the laboratory in the case of B. subtilis (27) and other microorganisms: extracellular polysaccharide production is often derepressed, extracellular enzymes may be influenced, and, at a genomic level, the presence of ''touch promoters'' has been noted (see reference 9 and references therein).
Soil bacteria occupy a habitat which is characterized by constant changes in water availability, and they have to cope with adverse conditions such as desiccation and hypersalinity of the medium. These phenomena have been described in a comprehensive recent review (28) . As mentioned earlier by Boch et al. (3) , it is important for the survival of B. subtilis to possess an adaptation system allowing protection against high salinity in the environment. It is tempting to suppose that DegS-DegU is part of this stress signaling system. However, confirmation through the study of additional DegS-DegU-controlled target genes is needed.
